Thermal spray fabrication of rare-earth permanent magnetic coatings (PMCs) presents potential manufacturing routes for micro-magnetic devices. Despite this potential, thermal spray of PMCs is still not widely explored due to oxidation concerns. It was established that oxidation leads to the loss of ferromagnetic phases in these materials and results in deterioration of magnetic performance. Although this review focuses on a specific class of material, i.e., magnetic materials, there is significant technical crossover to all classes of feedstocks that are employed in thermal spray processing. The oxidation mechanisms and the associated influencing factors are explored in this work to implement effective processing techniques during the deposition process. This paper reviews the various stages and mechanisms of oxidation in thermal spray processes. The factors that influence the extent of oxidation depend on the type of oxidation that is dominant and rely on the type of spray system, powder injection position, and the particle size of feedstock. Among the aspects that are reviewed include the oxygen-fuel ratio for high velocity oxygen-fuel (HVOF), current intensity, gas flow rate, particle size, spray distance, and substrate temperature. Protection strategies to minimize oxidation in thermal spray processes, such as gas shrouding and shielding, are presented.
Introduction
The oxidation of thermal spray coatings has become a subject of great interest because it influences the performance of coatings. Of great concern is the fact that oxidation deteriorates the functioning of thermal barrier coatings (TBCs) and other high temperature corrosionresistant coatings. In TBCs, coatings are subjected to irregular degradation during thermal cycling due to the coefficient of thermal expansion mismatch between metal and oxides ( Ref 1) . Chemical uniformity of surfaces exposed to corrosion is disrupted by oxidation and hence depreciates the corrosion resistance capability (Ref 2) . Coatings that are formed with oxides are also more brittle, which makes them difficult to machine for certain applications since the mechanical properties of the coatings are affected. Also, spalling of coatings has become a common phenomenon in the presence of oxides.
However, a certain degree of oxidation is desirable in several applications. It has been demonstrated that oxides improve the wear resistance of a coating (Ref 3) and increase the coating hardness. The strength of a coating under compressive loading is also enhanced in the presence of oxides (Ref 4, 5) . Metal oxides that reside along the splat boundaries can alter the intersplat cohesion, while oxide dispersion in the splat itself or supersaturated oxygen strengthens the splat (Ref 4, 6) .
Most of the studies on oxidation of thermal spray coatings were conducted using steel or steel alloys because steels are (i) sensitive to oxidation and (ii) widely used as corrosion and wear-resistant coatings. The study on thermal sprayed permanent magnetic coatings (PMCs) has been limited due to the lack of understanding in the oxidation behavior of the permanent magnets, especially for rare-earth magnets.
Rare-earth transition-metal magnets exhibit the strongest magnetic behavior among all the other hard magnetic materials, such as alnico and ceramic magnets. Neodymium iron boron and samarium cobalt are the two most commonly used rare-earth hard magnets that demonstrate high overall magnetic performance. Neodymium iron boron is the stronger among the two, having bulk remanence, coercivity, and maximum energy product in the range of 1.0-1.4 T, 9.5-25 kOe, and 25-55 MGOe, respectively. Rare-earth permanent magnets are widely used in many industries, from aerospace and automotive to telecommunication and electronic devices (Ref 7) . Thick films or coatings of these materials can be applied in microelectromechanical systems (MEMS) (Ref 8, 9) for applications such as micro-actuators, micro-motors, and micro-generators. One downfall of the rare-earth magnet, however, is the strong affinity of rare-earth elements to oxygen, which makes them prone to oxidation during processing and operation.
Oxidation leads to brittle coatings and deterioration of magnetic properties. However, studies to find alternatives to control the oxidation process have been limited. Most studies on the fabrication of permanent magnet films have focused on low temperature processes such as sputtering: a thin film method that has technical limitations with regard to processing time, restrictions concerning the geometry and size of the component, and a cost penalty. In cases where thermal spray has been employed, spraying has been mostly performed within a vacuum chamber to minimize oxidation . Recent studies have examined the low temperature cold spray process (Ref 13) . Although the coating obtained did not exhibit oxidation or deterioration of magnetic properties, the coating was too brittle to be of practical use.
Whether oxidation is desired or otherwise, the ability to control the degree of oxidation in a coating is important for the coating to achieve optimum performance. The mechanism of oxidation must be understood to manipulate the oxidation process to advantage. This paper is devoted to reviewing the oxidation considerations in depositing PMCs. The stages and mechanisms of oxidation in the thermal spray process, factors that influence oxidation, and protection measures against oxidation during thermal spray processing are investigated. The thermal oxidation of rare-earth permanent magnets is highlighted since they are prone to high temperature oxidation and a prime reason regarding the poor acceptance on depositing magnetic coatings via thermal spray.
Oxidation of Permanent Magnetic Coatings
Oxidation has been a concern for thermal spray PMCs. PMCs are conventionally fabricated by lower temperature processing methods such as sputtering (Ref 14, 15) , screen printing (Ref 16, 17) , and tape casting (Ref 18, 19) . The research on thermal spray PMCs has been confined to the use of vacuum plasma spray ( Ref 10, 11, 20) and cold spray (Ref 13) . Much research has examined the oxidation of PMCs throughout the aging process, but few have studied oxidation during the fabrication process. Therefore, the understanding of PMC oxidation is limited. The PMCs in this section refer to rare-earth transition metals, specifically neodymium iron boron (Nd 2 Fe 14 B) and samarium cobalt (SmCO 5 and Sm 2 Co 17 ), since they are more prone to oxidation than magnetoplumbite-type ferrites, which are already in an oxidized state.
Earlier studies indicated that oxidation products of different phases depended on temperature and humidity (Ref 21, 22) . Generally, corrosion of rare-earth magnets can occur under three conditions: (i) warm humid air or steam (Ref [23] [24] [25] , (ii) electrochemical reactions (Ref [26] [27] [28] , and (iii) exposure to high temperature (>250°C) for long time periods (from several hours up to days) ( Ref 29, 30) . Of these three adverse conditions, permanent magnet particles are most prone to be subjected to high temperature oxidation during thermal spray. Although the thermal spray process involves very short processing time [between 0.1 and a few milliseconds (Ref 31, 32) ], oxidation still occurred due to the high temperature involved in thermal spray processes (Ref 10, 33, 34) . Therefore, the oxidation product of thermal spray permanent magnets was similar to those of bulk magnets. A prime difference would be that the oxidation process of thermal spray permanent magnets occurred at a much higher rate and any intermediate oxidation products might not be observed.
The oxidation of neodymium iron boron and samarium cobalt is a two-stage process: (i) formation of external scales and (ii) internal oxidation (Ref 35, 36 (Ref 29, 36, 40) . The structure of IOZ in samarium cobalt was described as parallel samarium oxide platelets and fibers surrounded by cobalt (Ref 41) , whereas the IOZ structure of neodymium iron boron was described as neodymium oxide particles embedded in an a-Fe matrix (Ref 36) . Schematics of the IOZ of neodymium iron boron and samarium cobalt are shown in Fig. 1 .
Since oxidation at elevated temperature is the primary cause for IOZ formation that is detrimental to the material properties compared to external oxides, the following sections are focused on thermal oxidation of neodymium iron boron and samarium cobalt. However, it should be noted that the oxidation mechanisms discussed in this section concern solid phase oxidation, while oxidation in thermal spray processes involves both solid and liquid phase oxidation. Solid phase oxidation represents the closest approximation of oxidation reactions at a high temperature available in the literature since there have been no reports in the open literature on liquid phase oxidation for these materials. Most studies for these materials were carried out to investigate oxidation during the materialsÕ performance as a magnet rather than during processing or deposition. The significance of this section is that it presents an overview of the potential oxidation mechanisms for rare-earth magnetic materials in thermal spray processing and phases that will be present in the coatings.
Neodymium Iron Boron (Nd-Fe-B)
The thermal oxidation of Nd-Fe-B occurs through the process of dissociation followed by oxidation. (Ref 36, 42) . Table 2 outlines the oxidation products for these three phases at temperatures below and above 500°C. Note that the temperature discussed here is much lower than the operating temperature of thermal spray processes, where the deposition mechanism involves particle melting and rapid solidification. The base pressure of the chamber was too high. The films were deposited at high temperatures so that more oxygen was degassed from the chamber system.
The target of Nd-Fe-B alloy contained a large proportion of neodymium that was readily oxidized.
Samarium Cobalt (Sm-Co)
Studies concerning the oxidation of samarium cobalt are relatively scarce and are not fully explained. Most of the studies focused on the oxidation products and kinetics and little attention have been given to the mechanism of its thermal oxidation. The oxidation of samarium cobalt has received less attention than neodymium iron boron since samarium cobalt demonstrated a higher Curie temperature, i.e., the temperature above which a ferromagnetic material becomes paramagnetic, than neodymium iron boron (Ref 47) . However, samarium cobalt is still subjected to oxidation since rare-earths are prone to oxidation, and the oxidation of magnetic particles is more critical than for bulk sintered magnets (Ref 48 The proposed overall oxidation reaction of samarium cobalt also varies throughout the literature and these reactions are summarized in Table 3 .
Although the oxidation products of bulk magnets found in these studies have been observed in thermal spray PMCs (Ref 10, 51) , all these studies involved a lower temperature range in relation to the process temperature of thermal spray. There is a need for the oxidation process and products at higher temperature to be explored further if thermal spray of PMCs is to be implemented widely, since these oxidation products influence the magnetic and mechanical properties of the PMCs significantly. Oxidation of neodymium iron boron and samarium cobalt resulted in the loss of ferromagnetic phases to form paramagnetic oxides (Ref 42, 52) , thus leading to a detrimental loss of coercivity (Ref 53, 54) . For instance, Matsuura et al. (Ref 55) found that the coercivity of a Nd-Fe-B thin film (100 nm) decreased by 60% after oxidation.
The deterioration of magnetic properties as a consequence of oxidation is a collective action of (i) superposition of soft and hard magnetic phases, (ii) oxidation of surface layers, and (iii) spin reorientation that changes the magnetic c-axis structure (Ref 56 
Stages and Mechanism of Oxidation in
Thermal Spray Process
In-Flight and Post-Impact Oxidation
Many researchers have examined the stages of oxidation in thermal spray processes. There have been numerous models of coating oxidation and there are many similarities among these models. In general, oxidation occurred in two stages: (i) in-flight oxidation and (ii) postimpact oxidation.
Hackett and Settles (Ref 58) suggested that the HVOF flow field could be divided into three regions, Fig. 2 , and therefore oxidation occurred at three stages. This idea was reinforced by Dobler et al. (Ref 59) . Region I encompassed the point of particle injection within the nozzle up to the end of the visible plume, also termed as the jet core. In this area, particles were subjected to oxidation by the Although the amount of free oxygen in this zone could be controlled by selecting the oxygen/fuel ratio of the combustion parameters, the flame still contained different oxidizing combustion products and the particle oxidation cannot be completely avoided. Spray particle dwell time in Region I was very short, approximately one millisecond, and the particle temperatures were relatively high. Region II referred to the domain where the local atmosphere was entrained to the centreline of the flame, toward the end of the jet core, until the particle impinged onto the substrate. In-flight oxidation may have occurred in this region because the surrounding atmosphere consisted of up to 20% oxygen. The particle residence time in this region was also short, while the particle temperature was slightly lower than Region I due to the cooling effect of the entrained air. Although the particle residence time also depends on other parameters, such as the particle size distribution, gas flow rate, and injection position, the particle residence times in Region I and II were still within the order of milliseconds (Ref 31, 60) .
Lastly, Region III specified the splat formed on the substrate immediately after impact and just before the next layer of splats was deposited. The exposure time was approximately ten times longer than the particle flight time. The initial splat temperature was high due to (i) transformation of kinetic energy of the particles into thermal energy and (ii) exposure to the flame. However, the splats cooled rapidly since the substrate temperature was comparatively low. Seventy-five percent of total oxidation takes place in either Region II or III (Ref 58). Table 4 summarizes the conditions that affect the oxidation process at respective regions.
Vardelle et al. (Ref 61) revealed that oxidation in a plasma spray process also occurred over three stages: (i) gas-solid phase oxidation during initial preheating of particles to their melting point, (ii) gas-liquid oxidation of the molten particles in-flight, and (iii) gas-solid oxidation of the splats after deposition and before the formation of subsequent splat layers. These three stages of oxidation also occur during the HVOF process. Zhang et al. (Ref 62) established that most oxidation occurs in the liquid phase, while the particle temperature and velocity have no significant effect on the thickness of the surface oxide layer (~0.1 lm) before particle melting.
On the other hand, Voleník et al. (Ref 63) classified oxidation processes according to stages in the plasma spray process, i.e., (i) the in-flight stage and (ii) the deposition, solidification, and cooling stages. In the first stage, powder was injected into the plasma plume and melted. The molten particles then interacted with the plasma gas that has been altered by the entrainment of surrounding atmosphere. The first stage was usually very short (several milliseconds), but the reaction temperature was high. The second stage of oxidation involved the interaction of solidified deposits with a gaseous mixture that consisted mainly of the ambient atmosphere. This stage was typically much longer (several seconds or longer) than the first stage and the temperature decreased gradually. As can be seen, VoleníkÕs model was similar to that of Hackett and Settles (Ref 58) where the first stage was equivalent to Region I and II in Hackett and SettlesÕ model, while the second stage corresponded to Region III.
There are distinct similarities and differences in the oxidation stages between HVOF and plasma spray. Both processes involve the two main stages of oxidation mentioned earlier in this section, i.e., in-flight and post-impact oxidation. There are two regions where in-flight oxidation occurs in both processes: (i) a visible plasma plume or jet core consisting of the plasma gas or combustion gases, where the particles are injected, and (ii) a turbulent flow region where surrounding atmosphere is entrained into the system. While region (i) in the plasma spray process is oxygen free, the same region in HVOF could be oxidizing or reducing depending on the oxygen-to-fuel (O/F) ratio. The length of each region in plasma spray depends on the type of plasma gas and flow rates, current intensity, and torch design, while the combustion gas flow rates, O/F ratio, and torch design determine this factor in HVOF systems. Post-impact oxidation for both processes is the same since this stage depends on the interaction between the deposited splat and the surrounding atmosphere. This mechanism is essentially the same for both processes unless a vacuum or controlled atmosphere environment is used for either process.
Mechanisms of Oxidation
A detailed mechanism and schematic models of oxidation during the thermal spray process was presented by Deshpande et al. (Ref 2) , where oxidation may take place in-flight, at the splat surface, and/or between passes. In-flight oxidation depended strongly on the amount of entrained air, the particle temperature, and the nature and turbulence of the flame. In-flight particles oxidation in the jet core and in the plume was controlled by a different mechanism, as pointed out by Syed et al. (Ref 64, 65) . Sobolev et al. (Ref 66) mentioned that there were two mass transfer processes that occurred during the interaction of liquid particles and oxygen. The mass transfer processes were the development of oxides due to chemical reactions between the surface of the liquid phase and oxygen as well as the diffusion of oxygen in the liquid. However, later studies found that the amount of oxides present was too high to be explained by diffusion models (Ref 67) .
In the jet core, particles were melted and the liquid phase reacted with oxygen present in the combustion products and entrained air. . A model of oxide penetration by convective movement within an iron particle is depicted in Fig. 3 . The generated vortex destroyed the surface oxides and distributed them uniformly through the bulk volume of the particle, forming nodular oxides, Fig. 4(a) . The oxides were hurtled into the interior of the particle, leaving fresh metal on the particle surface, which enhanced the particle reactivity Outside the jet core, the velocities and temperatures of the plasma and particles converged, thus bringing down the Reynolds number (Re = qvD/l where q, v, D, and l are the density, velocity, diameter, and viscosity of the fluid, respectively) from over 25 at spray distance 35 mm to about 7.5 at 75 mm ( Ref 69) . As the kinematic viscosity decreased rapidly, the convective movement and oxide mass transfer from particle to surface also ceased. Therefore, formation of nodules only occurred within the first 40-50 mm downstream of the nozzle exit under 2) also proposed for the plasma spray process that oxides segregated toward the front end of the particle as the particle velocity increased due to the difference in relative velocity between the particle and plasma. The high radiation from the segregated oxides caused cooling at the front end of the particle. As a result, the metal oxides in the droplets were pushed from the hot region toward the cooler front end by capillary flow to form an oxide cap, i.e., segregation of oxide at one end of the particle, In plasma spray, the in-flight oxidation of metallic particles is also influenced by the rate of particle evaporation, which occurs due to the high heat flux from the plasma gas (Ref 62, 74) . The injected particles penetrate the plasma jet core and are rapidly oxidized and melted. The particle temperature continues to increase since the particles are within the hottest zone of the plasma. The particles would start to vaporize once they reach the boiling point of the material. The evaporated particles are either oxidized to the corresponding metal oxide or condensed in the form of metallic fume. In the case where the boiling point of the oxides is much lower than that of the pure material, such as tungsten, the oxides are evaporated at such a high rate that the coatings will be almost oxidefree. The rate of particle evaporation is determined by the partial pressure of oxygen in the boundary layer of the particles, which is restricted by the formation of an oxide mist that surrounds the particle. When the particles travel within the jet core, this oxide mist can be swept away by the gas flow around the particles, and the particles continue to evaporate. However, a less optimum particle trajectory will cause the partial pressure of oxygen to increase due to the buildup of counter-diffusing oxygen and metallic vapor at the particle surface (Ref 62). Consequently, the particle evaporation diminishes, and surface and nodular oxides continue to form as previously described. Therefore, the rate of oxidation is limited by the extent of particle evaporation.
Upon reaching the substrate, splats are formed on top of each other that are separated by alternating oxide layers as shown in Fig. 7 . These oxide layers originated from the oxide shell formed during in-flight oxidation. The surface of the solidifying splat was exposed to a surrounding oxygen-rich atmosphere and, hence, can be further oxidized by the impinging jet until the splat was covered by the next arriving molten droplet, i.e., post-impact oxidation. According to Espie et al. (Ref 69) , splat oxidation can be neglected since the time lag for each splat to be covered by the next splat, and hence the time for splat exposure to the oxygen in the jet, is much shorter than the time lag between two successive passes. Each splat was covered by the next one within 10-20 ls, while a few seconds occur between two successive passes (Ref 31, 69) . The splat layers are exposed to hot gases in the boundary layer flow that contains more than 90 vol.% of air between two successive passes (Ref 31, 61) . On the other hand, Hackett and Settles (Ref 58, 75) believed that significant oxidation occurred after particle impact on the substrate.
The powder feed rate, torch traverse speed, deposition efficiency, and time between passes, which affect the time lag between the formation of two successive splats (Ref 2), play an important role in these opposing views. In addition, splat morphology influences the extent of post-impact oxidation. Splats with a higher surface area, such as fragmented splats, are oxidized to a greater extent than disk-shaped splats of the same volume under the same processing conditions.
In studying oxidation of a Cr 3 C 2 -NiCr coating, Matthews et al. (Ref 76) found that the splats were oxidized independently. That is, (i) carbide oxidation occurred by diffusion of oxygen through the oxide layer to the oxidecarbide interface, while (ii) oxidation of NiCr occurred by outward diffusion of chromium to the oxide-gas interface. Nickel oxide nucleated rapidly before being encapsulated from below by the slower growth of chromium oxide. The different oxidation mechanisms are attributed to the different structures of Cr 3 C 2 and NiCr. Unlike NiCr, the chromium atoms in Cr 3 C 2 are locked into the compound structure and are not free to diffuse out to the gas-oxide interface, hence resulting in the diffusion of oxygen into a carbide phase instead (Ref 76).
Zeng et al. (Ref 77) reiterated that spray distance greatly affected in-flight oxidation, while post-impact oxidation was influenced by particle size and substrate temperature. There is controversy concerning the Fig. 6 (a) Micrograph of the polished cross sections of a collected particle and image treatment analysis of (b) nodular oxides, and (c) oxide cap (Adapted from Ref 70) oxidation stage that dominates the thermal spray process. The oxidation process depends on the spray technique involved, spray parameters, and feedstock material. There is no single explanation that rules out the oxidation process. It is a complex process that involves many factors. Table 5 compares the various aspects of in-flight and postimpact oxidation in the thermal spray process.
Factors that Influence Oxidation

Types of Spray System
The factors affecting oxidation are governed by the type of oxidation process that is dominant. The oxidation process in control must be determined before the parameters can be adjusted to achieve the desired outcome. Oxidation is favored in both HVOF and plasma spray due to the presence of combustion product containing excessive oxygen in HVOF, the high temperatures involved in the plasma pro- As pointed out earlier, oxides formed during the plasma spray process segregated toward the front end of the particle due to relative velocity effects. On the contrary, the lower temperature of HVOF led to higher viscosity and a lower relative velocity difference between the flame and the particle, thus resulting in internal oxides and a thin oxide shell, but no oxide segregation. Post-impact oxidation was also more pronounced for an APS coating, while only thin oxide bands were observed for a HVOF coating due to the reduced exposure time of the previous splat.
The level of oxidation observed for HVOF coatings varies with respect to the different HVOF systems. The JP-5000 system (Praxair Surface Technologies, IN, USA) reduced oxygen content using over-stoichiometric conditions, while an under-stoichiometric condition was needed to attain low oxygen contents when using the Diamond Jet (DJ) Hybrid systems (Sulzer Metco, Wohlen, Switzerland) (Ref 59). This variation was attributed to the different fuels used in each system and hence different combustion products and temperature. The two systems showed contrasting effects on oxidation due to their distinctive powder injection position. Feedstock powder was injected directly into the combustion chamber, before the de Laval nozzle, in a DJ Hybrid system. On the other hand, in the JP-5000 system, the feedstock was injected after the combustion chamber, leading to lower temperatures in the system. The position of powder injection was important since it determined the type of oxidation that dominated. In-flight oxidation dominated for traversing particles, while post-impact oxidation prevailed for external powder injection techniques (Ref 75) . The lower temperature system resulted in lower melting that reduced the degree of splashing during the splat quenching process. In this manner, the surface area exposed to the atmosphere decreased, and hence there was less oxidation. Nonetheless, the oxidation level was still influenced by the effects of other parameters such as the oxygen/ fuel (O/F) ratio, chamber pressure, gas flow rate, particle size, and spray distance.
Another example of differing spray system and injection position effects on the dominating oxidation process is the coatings produced by gas-stabilized plasma (GSP) and water-stabilized plasma (WSP). Although the coatings sprayed by both techniques exhibited similar oxygen content, the oxide morphologies of the coatings vary significantly. The GSP coatings contain mainly nodular oxides with a very thin oxide shell (less than 100 nm), while the WSP coatings contain a thick oxide shell with no nodular oxide (Ref 69) . The oxide shell in WSP low carbon steel coatings was two to four times thicker than that of GSP coatings. Such difference in oxide morphologies was attributed to variation of injection position. The particles have to be injected further downstream (65 mm from exit nozzle) for WSP compared to GSP (3 mm from exit nozzle) to reduce vaporization of particles (Ref 69) . Consequently, the Reynolds number for particles in GSP was more than four times that for particles in WSP, and hence there was more convective movement within the particles that caused the formation of nodular oxide. The oxide shell in WSP coatings was much thicker since the particles travel a greater distance and at a lower velocity compared to the GSP process, which allows more time for the growth of the oxide shell.
Oxygen-to-Fuel Ratio and Current Intensity
The O/F ratio was considered the most influential parameter that affected oxygen content for a HVOF- Figure 8 shows the effects of current intensity and hydrogen flow rate on the oxygen content as well as formation of nodular oxides and oxide cap. It was found that higher current intensity favored in-flight oxidation and the formation of nodular oxides. An increase of current intensity led to a rise of temperature as well as the particle velocity, Fig. 8(a) . Shorter dwell time and high velocity led to a decrease of surface oxide formation, while the particle Reynolds number and convective reactivity of particles escalated so that more nodular oxides were formed. Since surface oxides were dominant in this case, the total oxide content decreased even though the amount of nodular oxides increased, Fig. 8(c) . The rise in hydrogen ratio also enhanced the formation of nodular oxides, while formation of an oxide shell increased sharply and then deteriorated gradually, Fig. 8(d) . A higher hydrogen flow rate encouraged the surface oxides of molten particles to penetrate the powder in-flight and led to many nodular oxides inside the powder after solidification (Ref 82).
Gas Flow Rate
Generally, an increase of gas flow rate is expected to cause an increase in the flow momentum of either a plasma plume or a HVOF flame and hence an increase in particle velocity and a decline in oxidation. However, the interaction between the different gases involved in both Table 5 Comparison of in-flight and post-impact oxidation in thermal spray process plasma spray and HVOF systems, i.e., primary and secondary plasma-forming gases, combustion gases, and carrier gas, is complex. The effects of flow rates of these gases on the particle characteristics and degree of oxidation are interdependent. The total gas flow rate has little effect on the gas velocity and temperature within the nozzle since they are limited by the nozzle and are considered to be at a choking state (Ref 83). However, a high total gas flow rate will increase the mass flow rate of the free jet at the nozzle exit. The increased mass flow rate causes an increase of total thermal and momentum inertia, where the flame gas can be kept at high temperature and velocity for a longer distance. The effects of total gas flow rate are valid for both plasma spray and HVOF systems where the increase of total gas flow rate of (i) the primary and secondary gases in plasma spray, and (ii) the oxygen and fuel gases in HVOF, increases the ratio of heat-generating gas to nonheat-generating gases such as the carrier gas. Since the particle temperature and velocity both influence oxidation through the effects of degree of melting and in-flight time, respectively, the extent of oxidation will depend on the type of dominating oxides as discussed in section 4.2.
In a plasma spray system, an increase in the primary gas flow rate imparts a greater momentum to the in-flight particle, hence increasing the particle velocity and decreasing the in-flight time. Also, the increase of plasma jet velocity constricts the penetration of particles fed radially into the jet core, therefore lowering the particle temperature. Increasing the primary gas flow rate, while maintaining the secondary gas flow rate, also decreases the plasma energy density and particle temperature since the fraction of secondary gas that generates greater enthalpy is lowered (Ref 84) . The shorter in-flight time and lower particle temperature induced by the increase of primary gas flow rate results in reduced oxidation.
On the other hand, the secondary gas flow rate did not alter greatly the plasma temperature and velocity. However, the thermal conductivity and plasma-to-particle heat transfer increased distinctly (Ref 64). Planche et al. (Ref 85) also suggested the same mechanism, but claimed that the increase in hydrogen flow rate led to higher temperature and better melting. Greater heat transfer magnified particle temperature until a point where an asymptotic limit was reached where further changes in average particle temperature became negligible (Ref 64) . Once this temperature was reached, hydrogen served as a reducing species and reacted with the highly oxidizing species in the plasma jet, hence decreasing oxidation. While each powder exhibited a different melting state, Kim 85) that an increase in hydrogen flow rate boosted the fraction of molten feedstock in the plasma, i.e., the lamellar structure of splats increased with hydrogen flow rate. Hydrogen flow rate had almost no influence on particle velocity independent of the particle size, while the rise in particle temperature became more significant as the particle diameter increased.
An increase in the carrier gas flow rate increases the particle velocity, but at the same time the gas temperature is lowered since the carrier gas absorbs the thermal energy generated by the plasma-forming or combustion gases (Ref 83, 86) . Consequently, the heat transfer to the particle and degree of melting are lowered, the in-flight time is shortened, and the extent of oxidation is diminished. 
Particle Size
The studies by Gourlaouen et al. (Ref 87, 88) and Fukushima and Kuroda (Ref 78) showed different degrees of oxidation, although both groups used the same spray process and material. It has been established that particle size plays a significant role in this discrepancy. Contradicting findings on the effects of particle size on oxidation of thermal spray coatings have also been noted. Effects of particle size on oxidation depend on the type of oxidation that dominated. Generally, oxidation was enhanced when the particle size decreased if in-flight oxidation was in control (Ref 2, 64, 72, 89, 90) . The reasoning was that the smaller particle size provided a higher surface area and hence more exposure to oxygen in-flight. In addition, Sobolev and Guilemany (Ref 72) recommended the use of feedstock with a narrow size distribution and large mean size of particles to reduce oxidation.
Li and Li (Ref 73) found that oxygen content did not change much for particle sizes below 45 lm. On the contrary, oxygen content increased exponentially with decreasing particle size by a power of approximately 3.4 for particles larger than 45 lm. It was suggested that there was a transient particle size range where the dominant mechanism changes, and this was reflected in the oxidation effects on the particles. The size range depended on the spray conditions. For larger particle sizes, post-impact oxidation was responsible for the oxygen content in coatings. However, it was claimed that the contribution of post-impact oxidation to total oxygen content in the coating was significant only when the total oxygen content in the coating was low. In other words, in-flight oxidation was almost always the major type of oxidation. This claim was supported later by Espie et al. (Ref 69) . Figure 9 (a) (Ref 73) shows the effect of particle size on the oxygen content in coatings as a function of spray distance.
Spray Distance
Spray distance or standoff distance was another important parameter that determined the extent of oxidation in a coating. As mentioned in section 3.2, the mechanism of oxidation was proposed to change from convective to diffusion when the spray distance increased, thus resulting in the formation of nodular oxides and an oxide shell, respectively. Figure 10 shows the type of oxides observed in collected particles sprayed at different spray distances. . In cases where in-flight oxidation was in control, a short spray distance reduced oxidation because particles spent less time in the flame and were less exposed to in-flight oxidation. On the other hand, in situations where post-impact oxidation matters more, a longer spray distance minimized oxidation since the temperature on the substrate surface was reduced with the heat source further away.
Substrate Temperature and Heat Treatment
Substrate temperature did not affect in-flight oxidation, but it influenced post-impact oxidation (Ref 77). Hackett and Settles (Ref 75) demonstrated that oxidation was enhanced when the substrate temperature was high. A high substrate temperature impeded the solidification process and hence exposed the molten splat to the surrounding atmosphere for a longer time. On the contrary, Espie et al. (Ref 69) contended that substrate temperature control did not affect oxygen content of the coating significantly, but it led to better adhesion between the coating and substrate. The improved adhesion was proposed to be caused by the formation of an appropriate oxide layer on the substrate.
Heat treatment of a coating often led to intersplat sintering and the disappearance of splat boundaries (Ref 76) . Post-spray heat treatments also reduced the hardness of the coating, while metallurgically enhancing Fig. 9 Diagram illustrating the dependency of oxygen content in a coating on the spray distance in terms of different (a) particle sizes and (b) dominating oxidation process (Adapted from Ref 73) the bond strength. The fine grain microstructure and enhanced bond strength helped prevent corrosive liquids from penetrating the coating between particles. In other words, oxygen may also be prevented from entering the voids between particles and, hence, mitigate against oxidation during any aging process. In terms of oxides, heat treatment was claimed to break off the continuous surface oxide layer and form oxide spheres (Ref 59). It was suggested that the oxide spheres filled the spaces between particles and improved the bond strength.
In short, the oxidation process can be controlled by manipulating the process parameters provided that the mechanism and the dominating oxidation process are understood. Generally, the extent of oxidation is regulated by two main factors: (i) the in-flight time or particle velocity and (ii) the degree of melting or particle temperature. These two factors can be used to control oxidation concurrently or separately and are dictated by the variables discussed in section 4. Firstly, oxidation can be limited by shortening the particle in-flight time or increasing the particle velocity so that the time available for reaction between the particles and oxygen is limited. This can be achieved using (i) a high velocity process such as HVOF, (ii) a high current intensity, (iii) a high total, primary, and/or carrier gas flow rate, and/or (iv) a short spray distance.
Alternatively, a low level of oxidation can be achieved by lowering the degree of particle melting or the particle temperature, where the reactivity of the particle with oxygen is limited. This condition can be established using (i) a lower temperature process, (ii) feedstock injection after the combustion chamber, (iii) a low current intensity, (iv) a high primary and/or carrier gas flow rate, (iv) a low total and/or secondary gas flow rate, (v) a large mean particle size with narrow particle distribution, and/or (vi) a low substrate temperature. Particle temperature can also be lowered for the HVOF process using a high O/F ratio, but care is required when exercising this approach since it also creates an oxidizing environment that will enhance oxidation. The extent that these process parameters influence the oxidation differs and will further depend on the type of dominating oxidation process, i.e., in-flight or post-impact.
Protection Against Oxidation During Processing
Metals and alloys deposited by thermal spray processes can have some level of protection against oxidation (Ref 69). Such protection strategies include the following:
Shrouding with a combustible gas such as acetylene. Effective use of a non-combustible protective gas. Maintaining the substrate at the lowest possible temperature that is compatible with good adhesion/ cohesion.
Rapid cooling. Use of a vacuum or controlled atmosphere chamber to evacuate air.
Alloy powders have been sprayed with the high velocity air-fuel (HVAF) process and cold spray to prevent oxidation (Ref 92, 93) . Oxidation was greatly reduced, but the coating density tended to be inadequate and post-spray sealing was usually required. Spraying under vacuum conditions was effective, but at the expense of an increased processing cost. Also, generating a vacuum medium was time consuming and the size of the parts to be created was restricted by the chamber size. As a result, many researchers have employed gas shrouding, and this has proved to be effective and relatively inexpensive.
Gas Shroud Versus Gas Shield
Protection measures against oxidation have been implemented as early as in the 1960s. Patents have been filed on varying designs of shields and shrouds for thermal spray purposes (Ref [94] [95] [96] [97] . Schematics of these gas shroud designs are shown in Fig. 11 . Both gas shield and shroud are components that are flushed with inert gas during operation for oxidation protection, which differ in their attachment position, i.e., a shield is attached to the substrate surface, while a shroud is attached to the thermal spray source. Jackson (Ref 94) used argon and helium gases as shielding gas to reduce the oxygen concentration in coatings. This type of protection has been used for various thermal spray techniques such as plasma spray, wire arc, and also HVOF. Figure 12 shows the comparison of the oxide contents in coatings sprayed with and without a gas shroud. The type of protection used, however, depends greatly on the oxidation process involved, i.e., whether oxidation was dominated by in-flight or post-impact mechanisms. In cases where in-flight oxidation dominated, a gas shroud was a good option, while at times where postimpact oxidation was in control, a shield must be used. Mostaghimi and co-workers developed a cylindrical shroud that successfully minimized in-flight oxidation. However, the shrouded nozzle causes recirculation of flow within the nozzle and decreases the particle velocity (Ref 98) . In addition, the recirculation of cold air at the exit of a conventional conical gas shroud nozzle reduces the plasma enthalpy and the particle temperature (Ref 99) . The Mostaghimi group further developed a curvilinear insert to the gas shroud nozzle that conformed to the streamlines of the primary gas flow and eliminated the air recirculation (Ref 99, 100 ). This modification impeded mixing with the surrounding atmosphere and improved the heat and momentum transfer to the particles. In the process of understanding coating oxidation control, Hackett and Settles (Ref 58) used Schlieren images to visualize the operational mechanics of gas shrouding. It was shown that the shroud gas flows coaxially to the HVOF jet from the spray torch and was rapidly entrained. The extent of the entrainment was indicated by limiting the streamline between the shroud gas and the ambient atmosphere. Further downstream of this point, the ambient atmosphere became entrained into the jet. The inert shroud gas became distributed throughout the mixing layer by vigorous turbulent mixing. This mechanism served to dilute the amount of oxygen present in the jet centreline. The effects of gas properties and flow rate will be discussed further. Hackett and Settles (Ref 58) established that shrouding controlled the formation of coating oxides and also reduced the oxidation levels in iron coatings by as much as 50 wt.%. Hackett and Settles (Ref 58) demonstrated that coatings sprayed using a ducted controlled atmosphere spray (CAS) has lower oxygen content than the coatings sprayed using an unconfined shroud for the same gas mass flow rate. In other words, the working area of a gas shroud around the torch must be enclosed for better efficiency. Wang et al. (Ref 101) , who implemented two types of shrouding on the wire arc spray process, also verified the same outcome. An unconfined shroud demonstrated higher oxide levels due to air entrainment. Spraying in a confined gas shroud also resulted in more uniform particle size distributions, more focused spray patterns, higher particle velocities, and improved coating properties (Ref 101) . Figure 14 shows the gas shroud configuration used by Wang et al. (Ref 101) where Fig. 14(a) shows an unconfined shroud, while Fig. 14(b) is confined.
Selection of Inert Gas
Inert gases, such as argon, nitrogen, and helium, are normally used as shroud gases. Hackett and Settles 3 ) as a shroud gas instead of the conventional inert gases. It was found that nitrogen-hydrogen shrouding was less effective in decreasing oxide contents and the oxide layers were thicker with pronounced dendritic growth. A combustible gas, acetylene, on the other hand demonstrated a twofold effectiveness in reducing the oxide levels. Acetylene worked because it displaced air and reduced the amount of oxygen available in the plume by consuming it in a combustion process. The use of carbon dioxide (CO 2 with a density of 1.84 kg/m 3 ) as a gas shroud instead of the conventional inert gases has also been found effective by Wang et al. (Ref 102) . The oxide content of the stainless steel coatings decreased by 15 wt.% when produced under a carbon dioxide shroud. Kang and Hong (Ref 103) found that a shroud gas flow rate 3.75 times that of the torch working gas was necessary to achieve a ''nearly oxygen-free plasma'' region with an air content of approximately 10 mol.% at 100 mm downstream of the nozzle exit. Gawne et al. (Ref 104) , on the other hand, showed that the air content can be reduced from 82 to 46 vol.% with a 100 m/s velocity shroud gas at the turbulent jet center, 105 mm from the torch nozzle exit. Hackett and Settles (Ref 58) found that an increase in gas shroud mass flow rate completely enveloped the HVOF jet and very little atmospheric oxygen was entrained. Despite this, some minimum amount of oxygen was always present in coatings due to either (i) free oxygen combustion in Region I (refer Fig. 1 ) or (ii) oxides that were present in the feedstock powder. It was also found that an increase in the inert shroud gas mass flow rate resulted in a linear decrease in oxygen content.
It has been established that the gas shroud and/or shield can affect the temperature, velocity, and air concentration fields in turbulent plasma jets. While gas shrouding was very effective in minimizing oxidation, Dolatabadi et al. (Ref 98) claimed that the coatings were more porous due to a reduction in particle impact velocity. Ref 77) temperature that led to reduced porosity. It was established that shrouding reduced the amount of oxides and there was more uniform contact between the metallic splats. Planche et al. (Ref 85) also agreed that coatings from shrouded spraying were less porous than conventionally sprayed coatings due to the increase in temperature and velocity in the shroud.
The above contradicting views are attributed to the difference in materials, nature of gas shroud used, and the flow rate. In all cases, each shroud must be designed specifically according to the spray gun used so that oxidation can be reduced and, at the same time, any adverse effects of using such a shroud can be minimized. The optimum geometry must be used to achieve this. Modeling and theoretical computation have been performed for different shroud designs (Ref [103] [104] [105] [106] to verify the effectiveness of gas shrouding as well as to design the ideal shroud geometry.
Sacrificial Elements
Besides gas shrouding, some light alloying elements, such as silicon and boron, can be added as ''sacrificial elements'' (SEs) in the feedstock. The SEs must (i) readily Table 6 react with oxygen to form oxides and (ii) exhibit greater affinity to oxygen than the core elements. Figure 15 shows the effects of SEs on the reduction of oxidation for collected sprayed particles and coatings. The reduction of on-substrate oxidation becomes more obvious with the increase of SE content. Zeng et al. (Ref 77, 107) found that the SE content was reduced in captured in-flight particles and coatings compared to the feedstock, but revealed no difference between the captured particles and coatings. To look at this another way, the addition of such SEs was more effective against in-flight oxidation than for post-impact oxidation. Boron was found to be the most effective SE against the oxidation of iron. However, extra precautions must be taken when using such SEs because the oxidation of such elements forms gaseous oxides. Powders that contain SE are often referred to as selffluxing alloys since they were intended to produce dense coatings by having similar effects as fused coatings, although post-deposition fusing is sometimes still required. The SE used in such applications typically has a lower melting point and is more easily oxidized than the base material (BM). Self-fluxing alloys function by incorporating a thermally oxidizable element, such as aluminum, that reacts exothermically with oxygen to release a large amount of heat to produce good bonding. For this reason, such powders are also used as a bond coat to improve adhesion of coating to metal substrates. These powders are either manufactured as (i) SE-coated particles with a metallic core or (ii) powder mixture or agglomerated particles containing SE. Examples of such powders are listed in Table 6 . For powders manufactured in the form (ii), the SE particles are typically smaller than the particles of BM since this will provide the SE particles with greater surface area and hence greater tendency to oxidize in preference to the BM ( Ref 108) . The percentages of SE in the powders vary depending on the type of material and oxidation effects desired; refer to examples in Table 6 .
Gaging the Effects of Oxidation via Hardness Testing
The extent of oxidation that occurred during processing can be measured by various techniques, such as image analysis (Ref 70, 109, 110) and analysis of the oxygen/ Table 7 . Oxidation of Nd-Fe-B has also been evidenced to result in increased hardness (Ref 29) .
Hardness of thermal sprayed coatings has been established to depend on the combined effects of unmelts, porosity, residual stresses, and oxide inclusions within the coatings. Although there have been no direct correlations established between hardness and oxide content, the coating hardness tends to increase with an increase in oxide content (Ref 59) . Other work (Ref 101, 112) has also attributed the variation of hardness in thermal sprayed coatings to the presence of oxides. Therefore, hardness testing methods can provide an estimate of oxide content when a suitable calibration is carried out. Figure 16 shows an example of hardness value variations with oxygen content in a coating.
The practicality of using a hardness test or microindentation test to evaluate the effects of oxidation is demonstrated by its use in evaluating mechanical property changes and damage in TBCs induced by oxidation and residual stresses (Ref 113, 114) . TBCs are applied to superalloy materials to reduce oxidation and thermal fatigue of load-bearing alloys for high temperature applications. TBCs consist of a ceramic top coat and a metallic bond coat that is applied to a superalloy substrate. A thermally grown oxide (TGO) layer, which results from oxidation of the bond coat, develops at the interface between the top coat and bond coat during thermal cycling. The TGO layer causes a thermal expansion mismatch and development of stresses, which result in coating spalling and failure.
However, the evaluation of oxidation behavior in TBCs is more complex than as-sprayed coatings where oxidation occurs during deposition, due to different oxidation mechanisms. Other factors, such as effects of sintering, oxide scale growth, and development of cracks, need to be taken into consideration since they have varying effects on the mechanical properties. Reviews on TBCs and their failure mechanisms are available in (Ref 115, 116 ).
Conclusions
Oxidation of thermal spray coatings poses concerns in applications in which the oxides interfere with the performance of the coatings, such as in corrosion resistance, magnetic properties, and mechanical properties. The mechanisms and influencing factors of oxidation must be understood in order to control the extent of their oxidation by implementing protection measures. The flow chart in Fig. 17 summarizes the oxidation considerations for thermal spray process and forms part of the decision-making process in determining the appropriate spray parameters and protection measures to use for the desired oxidation effects.
Application of PMCs by thermal spray processes is still limited due to oxidation concerns. Oxidation causes the loss of ferromagnetic phases and leads to deterioration of magnetic properties. Oxidation of PMCs during the fabrication process is still not completely understood since most studies are centered on oxidation during aging. Thermal oxidation of neodymium iron boron and samarium cobalt occurs over two stages: (i) formation of external scales and (ii) internal oxidation. Neodymium iron boron undergoes dissociation followed by oxidation to form a-Fe 2 O 3 and Fe 3 O 3 on its external scales and a-Fe, Nd 2 O 3 , NdFeO 3 , and B 2 O 3 in its IOZ. On the other hand, the oxidation mechanism for samarium cobalt is still not fully understood. However, most oxidation studies agreed on the oxidation products of Co 3 O 4 and CoFe 2 O 4 on the external scales and a-Co, Sm 2 O 3 , and SmCo 3 in its IOZ. Further work is still necessary to understand the oxidation of PMCs in thermal spray process.
There are two stages of oxidation in thermal spray coatings: (i) in-flight and (ii) post-impact oxidation. In-flight oxidation encompasses two regions: (i) the jet core and (ii) beyond the jet core and before impact onto the substrate, where local atmosphere is entrained into the flame. Post-impact oxidation refers to the deposition, solidification, and cooling stages. The majority of oxidation occurs at the in-flight stage due to the high temperature and oxygen entrainment, although the exposure to oxygen during post-impact is longer than the in-flight time. In-flight oxidation resulted in nodular oxides and oxide shells, while post-impact oxidation produces surface oxides between splat layers.
The factors that influence oxidation rely on the oxidation process that dominates, and this depends on the spray system, powder injection position, and particle size of the feedstock. In cases where in-flight oxidation is in control, the extent of oxidation is influenced by the oxygen-fuel ratio, current intensity, gas flow rate, particle size, and spray distance. Extent of oxidation is governed by the substrate temperature and spray distance when postimpact oxidation is dominant.
Considering the detrimental effects of oxidation for rare-earth magnetic materials, some extent of oxidation protection is possible for these materials to be deposited via the thermal spray process. The protection measure would depend on the oxidation process that is in dominance, i.e., in-flight or post-impact oxidation. Shrouding is considered the most effective as well as economical and practical protection method, where its principal is based on minimizing air entrainment. Shrouding should be employed where in-flight oxidation is in control, while shielding is more appropriate where post-impact oxidation dominates. Inert gases such as argon, nitrogen, and helium are typically used, although acetylene and carbon dioxide were also proven to be effective shrouding agents. The extent of air entrainment reduction depends on the mass and volume flow rate of the gases due to the differences in gas densities. SEs can also be used to minimize oxidation.
The oxidation protection measures used should be designed for a specific spray system to achieve the optimum effect since each system has unique geometrical needs. Consideration also needs to be turned to the geometry of the substrate since this will influence the gas flow fields during the spray process.
Finally, indentation tests present a viable, simple alternative in evaluating the effects of oxidation in thermal sprayed coatings. However, this approach needs to be used judiciously since hardness values depend not only on oxide inclusions but also on other microstructural artifacts such as unmelts and porosity.
